The mitotic spindle functions to move chromosomes to alignment at metaphase, then segregate sister chromatids during anaphase. Analysis of spindle microtubule kinetics utilizing fluorescence dissipation after photoactivation described two main populations, a slow and a fast turnover population, historically taken to reflect kinetochore versus non-kinetochore microtubules respectively. This two component demarcation seems likely oversimplified. Microtubule turnover may vary among different spindle microtubules, regulated by spatial distribution and interactions with other microtubules and with organelles such as kinetochores, chromosome arms, and the cell cortex. How turnover among various spindle microtubules is differentially regulated and its significance remains unclear. We tested the concept of kinetochore versus non-kinetochore microtubules by disrupting kinetochores through depletion of the Ndc80 complex. In the absence of functional kinetochores, microtubule dynamics still exhibited slow and fast turnover populations, though proportions and timings of turnover were altered. Importantly, the data obtained following Hec1/Ndc80 depletion suggests other sub-populations, in addition to kinetochore microtubules, contribute to the slow turnover population. Further manipulation of spindle microtubules revealed a complex landscape. Dissection of the dynamics of microtubule populations will provide a greater understanding of mitotic spindle kinetics and insight into roles in facilitating chromosome attachment, movement, and segregation during mitosis.
Introduction
The mitotic spindle is a highly dynamic, spatially organized array of microtubules that functions to orchestrate equal distribution of genetic material to daughter cells. Microtubules comprising the mammalian mitotic spindle at metaphase are often broadly classified into three categories. Kinetochore fiber microtubules comprise a dense bundle extending from poles to kinetochores with many making direct contact with kinetochores at their plus ends. Kinetochore fiber microtubules play the major role in chromosome movement and regulating the spindle checkpoint through interactions with kinetochores. Astral microtubules emanate from spindle poles extending toward the cell cortex and are important for spindle positioning. Interpolar microtubules extend from the poles to interdigitate at the spindle equator. Early examination of spindle microtubule dynamics through fluorescence dissipation after photoactivation assays demonstrated that dissipation data were best fit by a double exponential curve [1] . Two populations of microtubules were detected, a fast turnover slow turnover population. These two populations were equated with non-kinetochore and kinetochore microtubules, which have been widely reported in early electron microscopic studies [2] [3] [4] [5] [6] [7] [8] . However, it seems likely that the true understanding of spindle microtubule dynamics would include more than two populations. For example, electron microscopy identifies within kinetochore fibers microtubules that reach from pole to kinetochore, others linked to either the pole or kinetochore with the other end free, and microtubules with two free ends [4, 9] . Potentially all may exhibit different dynamics within the fiber. To better evaluate the multiplicity of microtubule turnover within metaphase mitotic spindles, we carried out photoactivation experiments while manipulating populations of microtubules.
Results and Discussion

Mitotic spindles in cells lacking functional kinetochores still reveal fast and slow turnover microtubule populations
Kinetochore microtubules are one of three populations of microtubules suggested to comprise the mitotic spindle. Early fluorescence dissipation after photoactivation observations of spindle microtubule dynamics suggested the slow turnover population of microtubules within the spindle was comprised chiefly of kinetochore microtubules based on observations demonstrating they are more stable than non-kinetochore microtubules [1, 4, 8, [10] [11] [12] [13] . The Ndc80 complex, comprised of Hec1/Ndc80, Nuf2, Spc24, and Spc25 is the primary microtubule binding component at kinetochores [14] [15] [16] [17] . Therefore, if only two populations, kinetochore and non-kinetochore microtubules, exist within the central spindle of metaphase cells, disruption of the Ndc80 complex should eliminate the slow turnover population. To test this, we measured fluorescence dissipation after photoactivation of microtubules in U2OS cells stably expressing photoactivatable GFP (PAGFP)-tubulin and mCherry-Tubulin. Cells transfected with either control or Hec1 siRNA, to prevent kinetochore-microtubule interaction, were analyzed. 10 M MG132 was included to prevent mitotic exit. Only cells entering mitosis during the time frame of imaging were photoactivated because we have found tubulin turnover is affected by prolonged metaphase arrest (data not shown). Mitotic spindles were located by mCherry-Tubulin fluorescence. A barshaped region within the spindle on one side of the metaphase plate was illuminated and timelapse images were acquired as described in methods section. Representative images depict fluorescence in pre-and post-photoactivated cells and the mid-volume mCherry-Tubulin plane ( Fig. 1, Top) . Plots were generated for control and Hec1-depleted cells as described in methods section. As determined in previous photoactivation experiments with spindle microtubules [1] data from control cells were best fit by double exponential curves with the formula F = A1 × exp(−k1 × t) + A2 × exp(−k2 × t) where A1 and A2 represent the percent total fluorescence contribution of the fast turnover and slow turnover microtubule populations, and k1 and k2 represent the respective decay rate constants (Fig. 1, bottom) . However, even though Hec1 depletion would be expected to largely eliminate microtubule attachment at kinetochores, photoactivation data remained best fit by the double exponential suggesting that photoactivation still detected two major populations of microtubules (Fig. 1, bottom) . Fitting to single and triple exponential curves resulted in poorer R 2 values (R 2 < 0.990). Successful Hec1 depletion was confirmed by comparing fluorescent DNA morphology to known Hec1 depletion phenotypes ( Fig. S1) [15, 18] . While the total fluorescence contribution of the fast and slow turnover microtubule populations in control cells was measured to be 39% ± 2.7% and 61% ± 2.7%, respectively, cells depleted of Hec1 had both an increase in the fast turnover population to 52% ± 6.4% and a decrease in the slow turnover population to 48% ± 6.4%. In Hec1-depleted cells a portion of the slow turnover microtubule population is reduced, and the fast turnover population increased. This suggests that mitotic spindles in cells unable to form end-on microtubule attachments (lacking kinetochore microtubules) are still comprised of multiple populations, fast turnover and slow turnover. When microtubule half-lives were examined, minor changes were observed between control and Hec1depleted cells in the fast turnover population (Control RNAi t1/2 = 9.4 ± 0.5 s; Hec1 RNAi t1/2 = 12.9 ± 3.1 s). In contrast, the half-life of the slow turnover population significantly decreased after Hec1 depletion (t1/2 = 3 ± 0.2 m) when compared with controls (t1/2 = 6.4 ± 0.3 m) (Fig. 1, bottom) . Together, the data above indicates the presence of a slow turnover population of microtubules in the mitotic spindle in the absence of Hec1 and kinetochore microtubules. This suggests that without kinetochore-attached microtubules, two populations remain detectable by photoactivation indicating that slow turnover microtubules include one of more populations that are not kinetochore bound, contrary to the current dogma.
The slow turnover microtubule population is affected by the loss of spindle bipolarity
Interpolar microtubules of opposite polarity that interdigitate plus ends near the spindle midline are another category of microtubules proposed to comprise the mitotic spindle. Early classification of mitotic spindle structure suggested that most non-kinetochore microtubules were interpolar microtubules, concluding that interpolar microtubules constituted the bulk of the mitotic spindle [2, 3, 7] . Later, the fast turnover population of microtubules within the mitotic spindle was inferred to be comprised of interpolar microtubules [1]. To remove interdigitating, interpolar microtubules from the mitotic spindle, cells were treated with the Eg5 inhibitor S-trityl-L-cysteine (STLC) (10 M) to block bipolar spindle formation, or DMSO, leaving microtubules extending with uniform polarity from the centrosomes some of which are free in the cytoplasm while others interact with kinetochores lacking bipolar tension and chromosome arms. Cells were analyzed as described in Fig. 1 . Representative images depict fluorescence in pre-and post-photoactivated cells and the mid-volume fluorescence mCherry-Tubulin plane (Fig. 2, Top) . A double exponential curve best fit the resulting data ( Fig. 2, Bottom) . While the total fluorescence contribution of the fast and slow turnover microtubule populations in control cells was measured to be 30% ± 3.7% and 70% ± 3.7%, respectively, cells treated with STLC had both an increase in the fast turnover microtubule population to 37% ± 6.6% and a decrease in the slow turnover microtubule population to 64% ± 6.5%. This suggests that in cells treated with STLC a portion of the slow turnover microtubule population is reduced, resulting in an increase in fast turnover population. Thus, in cells prevented from forming bipolar spindles (lacking interdigitating interpolar microtubules) microtubules are still comprised of fast and slow turnover populations. When microtubule half-lives were examined, minor changes were observed between control and STLC treated cells in the fast turnover population (Control t1/2 = 7.3 ± 1.4 s; STLC t1/2 = 5.3 ± 1.6 s). In contrast, the half-life of the slow turnover population significantly decreased following STLC treatment (t1/2 = 3.5 ± 0.5 m) when compared with controls (t1/2 = 6.4 ± 0.2 m) ( Fig. 2 , Bottom). Contrary to previous assumptions, the data are consistent with the interpretation that interdigitating interpolar microtubules also constitute a portion of the slow turnover population within the mitotic spindle in cells treated with STLC. However, we cannot rule out that the decrease in the t1/2 of the slow turnover population or the increase in the fast turnover population may in part be due to microtubules attached to kinetochores lacking bipolar attachment and tension, resulting in decreased stability. Similarly, increases in the proportion of astral microtubules may account for the increase in the fast turnover population. Unfortunately our efforts to reduce both kinetochore microtubules and interdigitating interpolar microtubules were unsuccessful. Hec1-depleted cells treated with 100 M Monastrol formed bipolar spindles. Representative images depict fluorescence in pre-and postphotoactivated cells and the mid-volume fluorescence mCherry-Tubulin and DNA plane ( Fig. S2 ). This finding shows that functional kinetochores are required to collapse spindles in mitotic cells treated with Eg5 inhibitors. This result is consistent with previous studies [19, 20] .
Both fast and slow turnover microtubule populations are sensitive to decreased temperature A well-established characteristic of spindle microtubules in cell culture models is the sensitivity of stability to changes in temperature [1, 3, 4, 21] . In the LLC-PK cell line, decreases in temperature resulted in increases in the t1/2 of the slow turnover microtubule population, with no major effect on the t1/2 of the fast turnover population [1]. This study also reported an overall increase in the fluorescence contribution of the fast turnover population and decrease of the slow turnover population following reductions in temperature. We sought to examine the effects of reductions in temperature on spindle microtubule dynamics in the U2OS cell line. Cells were imaged at 37 o C (Control) as described above or at room temperature (22 o C-25 o C) (Low Temperature) as described in methods section. Representative images depict fluorescence in pre-and postphotoactivated cells and the mid-volume fluorescence mCherry-Tubulin plane ( Fig. 3, Top) . A double exponential curve best fit the resulting data ( Fig. 3, Bottom) . In contrast to the report from Zhai et al., we detected only minor differences in the fluorescence contribution of fast and slow turnover microtubule populations when comparing control cells to cells imaged at low temperature. The fast and slow turnover populations for control cells were 35% ± 1.9% and 65% ± 1.9%, respectively, while the fast and slow turnover populations for cells imaged at low temperature were 38% ± 2.6% and 61% ± 2.7%, respectively. When microtubule half-lives were examined, major increases were observed between control cells and cells imaged at low temperature in both the fast turnover population (Control t1/2 = 7 ± 1.9 s; Low Temperature t1/2 = 15.7 ± 2.6 s) and the slow turnover population (Control t1/2 = 4.6 ± 1.9 m; Low Temperature t1/2 = 14.4 ± 2.7 m) ( Fig. 3, Bottom) . This is in contrast to the observations made by Zhai et al., which only saw increases in the t1/2 of the slow turnover microtubule population. One potential explanation for the discrepancies could be due to differences in cell type. Additionally, advances in imaging technology may have permitted us to achieve higher temporal resolution allowing detection of differences in half-life of the fast turnover microtubule population.
The slow turnover microtubule population is sensitive to Aurora B kinase inhibition Aurora B kinase is an important regulator of kinetochore-microtubule attachment [22] [23] [24] [25] [26] . Aurora B responds to improper microtubule attachment to kinetochores by phosphorylating the Nterminal tail of Hec1/Ndc80, which reduces microtubule binding affinity. A previous report demonstrated in the PtK1 cell line that inhibition of Aurora B kinase activity via the small molecule ZM447439 caused an extensive increase (over seven-fold) in the t1/2 of the slow turnover microtubule population, with no major effect on the t1/2 of the fast turnover population when compared to control metaphase cells [24] . We in turn sought to examine the effects of Aurora B kinase inhibition on spindle microtubule dynamics in the U2OS cell line. To inhibit Aurora B kinase activity cells were treated with either 3 M ZM447439 or DMSO along with 10 M MG132 to prevent mitotic exit. Cells were then analyzed as described above. Representative images depict fluorescence in pre-and post-photoactivated cells and the mid-volume fluorescence mCherry-Tubulin plane (Fig. 4, Top) . A double exponential curve best fit the resulting data ( Fig. 4, Bottom) . While the total fluorescence contribution of fast and slow turnover populations in control cells was measured as 42% ± 1.2% and 58% ± 1.2%, respectively, cells treated with ZM447439 had a decrease in the fast turnover population to 37% ± 3.2% and increase in the slow turnover population to 63% ± 3.2%. This change is consistent with the role of Aurora B kinase in destabilizing kinetochore-microtubule attachments. When microtubule half-lives were examined, minor changes were observed between control and ZM447439 treated cells in the fast turnover population (Control t1/2 = 9.8 ± 0.9 s; ZM447439 t1/2 = 11.1 ± 0.5 s). In contrast, the half-life of the slow turnover population significantly increased following ZM447439 treatment (t1/2 = 10.5 ± 0.8 m) when compared with controls (t1/2 = 6.1 ± 0.7 m) ( Fig. 4, Bottom) . In partial agreement with Cimini et al., our microtubule half-life observations indicate the stability of kinetochore-microtubule attachments (a portion of the slow turnover microtubule population) increase following inhibition of Aurora B kinase activity. However, slow turnover microtubules displayed a much higher degree of stability following Aurora B kinase inhibition in PtK1 cells when compared to U2OS cells.
Aurora B kinase regulates the stability of non-kinetochore, slow turnover microtubules
To further examine the role Aurora B kinase activity plays in regulating spindle microtubule dynamics during mitosis, Aurora B kinase activity was inhibited in cells depleted of Hec1/Ndc80. We hypothesized that if Aurora B solely regulated kinetochore microtubules, then Aurora B inhibition should not alter spindle microtubule dynamics in cells depleted of functional kinetochores. To test this, cells were transfected with control siRNA followed by DMSO treatment or Hec1 siRNA followed by 3 M ZM447439 treatment and analyzed as described above. 10 M MG132 was included to prevent mitotic exit. Representative images depict fluorescence in preand post-photoactivated cells and the mid-volume fluorescence mCherry-Tubulin plane (Fig. 5,  Top) . A double exponential curve best fit the resulting data ( Fig. 5, Bottom) . We did not detect significant differences in the fluorescence contribution of fast and slow turnover populations when comparing control cells to cells depleted of Hec1 followed by ZM447439 treatment. The fast and slow turnover populations for control cells were 41% ± 2% and 59% ± 2.2%, respectively. While the fast and slow turnover populations for cells depleted of Hec1 followed by ZM447439 treatment were 42% ± 3.5% and 58% ± 3.5%, respectively. When microtubule half-lives were examined, minor changes were observed between control cells and cells depleted of Hec1 followed by ZM447439 treatment in the fast turnover population (Control RNAi t1/2 = 8.5 ± 0.1 s; Hec1 RNAi + ZM447439 t1/2 = 9.1 ± 2 s). Strikingly however, the half-life of the slow turnover population significantly decreased in cells depleted of Hec1 followed by ZM447439 treatment (t1/2 = 1.6 ± 0.1 m) when compared with controls (t1/2 = 7.2 ± 0.6 m) ( Fig. 5, Bottom) . The half-life of the slow turnover population in cells depleted of Hec1 followed by ZM447439 treatment was also significantly decreased when compared to cells depleted of Hec1 alone (Hec1 RNAi t1/2 = 3 ± 0.2 m; Hec1 RNAi + ZM447439 t1/2 = 1.6 ± 0.1 m). Together these data suggest that Aurora B kinase plays roles in destabilizing slow turnover microtubules at kinetochores and other slow turnover microtubules within the mitotic spindle (comparing ZM447439 treatment alone and Hec1 depletion followed by ZM447439 treatment to their respective controls). One potential mechanism by which Aurora B kinase plays a role in stabilizing slow turnover microtubules is via regulation of localization and activity of microtubule depolymerases, such as the kinesin 13 family [19, [27] [28] [29] [30] [31] [32] [33] . However, we cannot rule out other potential mechanisms by which Aurora B kinase functions in stabilizing slow turnover microtubule populations.
The mitotic spindle is essential in the equal distribution of genetic material during mitosis. Early studies examining spindle microtubule dynamics determined the existence of two populations within the mitotic spindle [1]. A fast population that turns over in seconds and a slow population that turns over in minutes. These two populations were termed non-kinetochore microtubules (comprised of interdigitating interpolar microtubules) and kinetochore microtubules (comprised of microtubules attached to kinetochores), respectively. However, this nomenclature arose from observations indicating that microtubules attached to kinetochores displayed increased levels of stability while non-kinetochore microtubules represent the bulk of microtubules that constitute the mitotic spindle [1- 4, 7, 8, [10] [11] [12] [13] 21] . In this study, we sought to determine if this assumption reflected an oversimplification and if mitotic spindle dynamics could be tracked through various manipulations to reveal multiple subpopulations. We targeted kinetochore fibers by depleting Hec1/Ndc80. In the absence of this major microtubule binding component at kinetochores, the slow turnover population was primarily affected resulting in both a decrease in fluorescence contribution and the t1/2 (Fig. 1) . Data obtained following Hec1/Ndc80 depletion was best fit by a double exponential curve, indicating the existence of multiple populations in the absence of kinetochore microtubules. This suggests that kinetochore fibers are not the sole population comprising slow turnover microtubules. To target interdigitating interpolar microtubules, Eg5 inhibition was used to prevent bipolar spindle formation and formation of interdigitating interpolar microtubules. In contrast to previous assumptions suggesting that interpolar microtubules comprise the non-kinetochore (or fast turnover) population, we found that STLC treatment decreased both the fluorescence contribution and t1/2 of the slow turnover population (Fig. 2) . However, we cannot rule out that the decrease in the t1/2 of the slow turnover population or the increase in the fast turnover population may in part be due to microtubules interacting with kinetochores lacking bipolar attachment/tension, or with microtubules associating with chromosome arms. It is likely increases in the proportion of free astral microtubules may account for the increase in the fast turnover population. When spindle microtubule dynamics were examined in conditions of reduced temperature, we found increases in the t1/2 of both the fast and slow turnover populations, with little change in the relative fluorescence contribution (Fig. 3) . This was in contrast to previous observations reporting changes in the t1/2 in the slow turnover population while the fluorescence contribution of the fast population increased [1]. However, these discrepancies may have been a result of differences in cell lines or advances in imaging technology. The well-recognized regulator of kinetochore-microtubule attachment, Aurora B kinase, was also analyzed for its role in regulating microtubule dynamics within the mitotic spindle. In partial agreement with a previous report [24] , we found an increase in the t1/2 of the slow turnover population following Aurora B kinase inhibition. However, the slow turnover population in PtK1 cells displayed elevated levels of stability following Aurora B kinase inhibition compared to U2OS cells. This is consistent with the established role of Aurora B kinase in destabilizing incorrect microtubule-kinetochore attachments via phosphorylation of Hec1 [22] [23] [24] [25] [26] . In the absence of both Hec1 and Aurora B kinase activity, the t1/2 of the slow turnover population was drastically decreased. This suggests Aurora B kinase not only functions in destabilizing incorrect microtubule attachments to kinetochores, but also plays a role in enhancing microtubule stability of other populations within the mitotic spindle. A role for Aurora B kinase in regulating the localization and activity of microtubule depolymerases, such as the kinesin 13 family, has been previously established [19, [27] [28] [29] [30] [31] [32] [33] , and may constitute the underlying mechanism behind our observations. Yet, we cannot rule out alternative pathways by which Aurora B kinase activity promotes spindle microtubule stability. Together, this study demonstrated that the mitotic spindle is more complex than a fast turnover population comprised of non-kinetochore microtubules and a slow turnover population comprised of kinetochore microtubules. The mitotic spindle is likely comprised of multiple subpopulations. The identity of the fast turnover microtubule population within the mitotic spindle and mechanisms to manipulate its turnover (apart from reductions in temperature) remain elusive. Furthermore, tubulin itself can be post-translationally modified [34] [35] [36] [37] [38] [39] [40] . Examining how various post-translational modifications play a role in regulating spindle microtubule dynamics during mitosis will be of future interest. Additionally, fluorescence dissipation after photoactivation experiments in cell lines utilizing different combinations of tubulin isoforms will greatly expand our knowledge of spindle microtubule dynamics.
Materials and Methods
siRNA
The siRNA sequence (5'-GAGUAGAACUAGAAUGUGA-3') targeting Hec1 was synthesized by Qiagen. Non-targeting control siRNA was synthesized by Bioneer.
Cell culture, transfection, and drug treatments U2OS cells stably expressing photoactivatable GFP-Tubulin (PAGFP-Tubulin) and mCherry-Tubulin (see acknowledgments) were cultured in DMEM with 10% fetal bovine serum (FBS) supplemented with penicillin and streptomycin, 20mM HEPES, and 0.1 mM nonessential amino acids (NEAA) at 37°C with 5% CO2. For siRNA transfection, cells were transfected with 20 nM siRNA for 48 h using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's protocol. To inhibit Aurora B activity, cells were treated with 3 M ZM447439. 10 M MG132 was also added to prevent mitotic exit. S-trityl-L-cysteine (STLC) or Monastrol was used at 10 M and 100 M respectively to induce monopolar spindles. Taxol was used at 10 M. All drugs were added 30 min prior to imaging. SiR-DNA (Cytoskeleton) was used at 500 nM to label DNA according to the manufacturer's protocol.
Photoactivation PAGFP-Tubulin and mCherry-Tubulin expressing U2OS cells were grown on coverslips. To maintain appropriate pH levels and avoid evaporation during imaging, culture media was exchanged to Leibovitz's L-15 medium supplemented with 10% FBS, penicillin, and streptomycin, and the medium was overlaid with mineral oil. Cells were treated as detailed in the figure legends and imaged using a 100x, NA 1.4 objective on a Zeiss Axio Observer inverted microscope equipped with an objective heater, air curtain, Yokogawa CSU-22 (Yokogawa) spinning disk, Mosaic (digital mirror device, Photonic Instruments/Andor), a Hamamatsu ORCA-Flash4.0LT (Hamamatsu Photonics), and Slidebook software (Intelligent Imaging Innovations). Photoactivation was achieved by targeting a selected area with filtered light from the HBO 100 via the Mosaic, and confocal GFP images (19 Z planes across 8 m (0.5 m/plane)) were acquired at 15 sec intervals for ~5 min. mCherry and SiR-DNA images were acquired at the mid volume Z plane. Only cells entering mitosis during imaging were photoactivated to ensure Tubulin turnover was not affected by prolonged mitotic arrest. To quantify fluorescence dissipation after photoactivation, we measured pixel intensities within an area surrounding the region of highest fluorescence intensity and background subtracted using an area from the nonactivated half spindle using MetaMorph software. The values were corrected for photobleaching by determining the percentage of fluorescence loss during image acquisition after photoactivation in the presence of 10 μM Taxol. Fluorescence values were normalized to the first time-point after photoactivation for each cell and the average intensity at each time point was fit to a double exponential curve F = A1 x exp(-k1 x t) + A2 x exp(-k2 x t), using SigmaPlot (SYSTAT Software), where A1 and A2 represent the fast turnover and slow turnover microtubule populations with decay rates of k1 and k2, respectively. t is the time after photoactivation. The turnover half-life for each population of microtubules was calculated as ln2/k. XY scatter plots were generated using GraphPad Prism. Figure S1. Hec1 depletion phenotype. Select mid-volume frames of DNA labeled with SiR-DNA from cells treated as in Fig. 1 demonstrating Hec1 depletion phenotype with scattered chromosomes. Time, sec. Bar, 10 m. Figure S2 . Spindle poles do not collapse in cells depleted of Hec1 following Eg5 inhibition. Select mid-volume frames from live cell imaging of Tubulin photoactivation in U2OS cells stably expressing photoactivatable GFP-Tubulin and mCherry-Tubulin following transfection with Hec1 siRNA along with 100 m Monastrol and 10 m MG132 treatment to prevent mitotic exit. Time, sec. Bar, 10 m.
